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INTRODUCTION 
It is generally believed that the properties of a composite are significantly affected by 
the nature of the interface between reinforcement and matrix. The interfacial shear properties 
of continuous fiber reinforced intermetallic matrix composites (IMC) and metal matrix 
composites (MMC) are the focus of recent investigations which have employed a number of 
experimental techniques including fiber pull out, fiber push out, and fiber fragmentation 
tests. Published works on fiber fragmentation tests of MMC include testing of the following 
composite systems: W/Cu [1,2], SiC/AI 1100 and SiC/AI 6061 [3], SiC/Ti-6AI-4V [4,5], 
and B/Ti-6Al-4V [5]. 
In the fiber fragmentation test, a composite sample made of a single fiber embedded in a 
ductile matrix is subjected to tensile loading along the fiber axis. When the tensile stress, 
which is transferred from the matrix to the fiber by shear, exceeds the local fiber strength, the 
single fiber breaks successively into smaller fragments until the fragments become too short 
to enable further increase in stress level beyond the failure stress of the fiber. Using 
arguments based on shear lag analysis, Kelly and Tyson [1] showed that the critical length of 
fiber for load transfer, Lc' is a function of the interfacial shear stress, ti' according to 
equation (1): 
where af is the tensile strength of the fiber of critical length and d is the fiber diameter. 
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The intetfacial shear stress, 'tj, as calculated above is due to several contributing 
mechanisms. At the intetface, the residual stresses due to the mismatch of the coefficients of 
thermal expansion is one of the important mechanisms of stress transfer in metal matrix 
composites [6]. Intetface roughness and the resulting friction is another factor of 
significance. The combined effect of the friction and the normal stresses produced on the 
fibers due to the residual stresses provide for a substantial portion of the shear stress 
behavior of the intetface at room temperature. Yet another important factor affecting the 
intetface quality is the reactivity and the resulting chemical/mechanical bonding between the 
matrix and the fiber sutface. It is this chemical bonding and the intetface roughness that 
contribute to a substantial portion of the intetfacial shear stress behavior at elevated 
temperatures because, at elevated temperatures, the residual stresses due to the mismatch of 
the coefficient of thermal expansion will be reduced. Such an indication of reduced residual 
stresses has been shown by a finite difference model developed by one of the co-authors 
(N.A.) recently [6]. Figure 1 a-c schematically shows the three mechanisms of stress transfer 
at the intetface. 
Coker, et. aI., [6] recently developed a finite difference model (FDM) to determine the 
three-dimensional stress state in a unidirectional composite subjected to axial loading and 
changes in temperature. In their work, an analytical tool was developed to compute the three 
dimensional stress state in a composite using a concentric cylinder model. The analysis 
accommodated multiple materials having elastic-plastic behavior with strain hardening. 
Prandtl-Reuss flow rule with von Mises yield criterion was used. In addition, the temperature 
dependent material properties were also taken into account. 
The study by Coker et. aI., has a significant impact on the understanding of the shear 
stress behavior of the intetface between the matrix and the fiber, especially at elevated 
temperatures. Since MMCs are designed as 'high temperature' materials, it is important to 
estimate the overall strength of the composite at elevated temperatures which is dependent on 
the shear stress behavior of the intetface at those temperatures. At elevated temperature, if the 
residual stresses at the intetface due to the mismatch of the coefficients of thermal expansion 
are reduced/altered, the residual stresses no longer might be the predominant mechanism of 
shear stress transfer. Hence, most of the stress transfer at elevated temperature might be 
accomplished by the bonding between the matrix and the fiber, The 'bonding' will comprise 
of the chemical bonding due to the reaction between the matrix and the fiber sutface as well 
as the mechanical bonding due to the surface roughness. The objective of this paper is to 
evaluate the shear load behavior of the intetface at elevated temperature. The evaluation will 
be performed using fiber fragmentation studies [7] and ultrasonic imaging [8] and sizing of 
the fragments. Metallographic analysis will be conducted to corroborate the ultrasonic 
imaging results as well as to study the microstructure of the interface. Recently, another 
technique, ultrasonic back-reflection analysis, has been developed by two of the authors (TM 
and PK) and can be found in these proceedings [9]. 
FINITE DIFFERENCE ANALYSIS AND THE EXPERIMENTAL APPROACH 
Figure 2 shows the fiber-matrix concentric ring model used by Coker et.al. for their 
analysis. They assumed that the temperature distribution was uniform and quasi-static, and 
also a petfect bonding between the matrix and the fiber with no slippage or separation of the 
constituents. They further assumed axisymmetric loading and a linearly elastic fiber. They 
used a von Mises yield sutface of the matrix whose plastic deformation is governed by 
Prandtl-Reuss flow rate. Further details of their analysis can be found in the literature [6]. 
The finite difference model provided the predictions of the residual stresses at different 
temperatures which was useful for understanding the fiber fragmentation behavior of the 
samples loaded at elevated temperatures. 
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Figure 1 Schematic of the matrix-fiber interface showing various mechanisms of shear 
stress transfer. 
The Ti-6Al-4V /SCS-6 composite samples used for the experiments were fabricated by 
diffusion bonding two matrix alloy sheets with a single fiber between them. The processing 
method consisted of vacuum hot pressing at 925°C/5.5 MPa/30 min. followed by hot 
isostatic pressing at 101O°C/lOO MPa/2 hr. The consolidated samples were machined into 
1.5 mm thick sheet tensile specimens with 19.05mm x 6.35 mm gage sections. All samples 
were examined by microfocus x-ray radiography to ascertain proper alignment of fiber 
parallel to the tensile specimen axis. Tensile tests were conducted on a servohydraulic 
machine in laboratory air at ambient temperature using a nominal strain rate of 2 x 10-4 s-l 
for Ti-6Al-4V/SCS-6. Similar tests were also conducted at elevated temperature of 650°C. 
Acoustic emission ( AE ) activity during fragmentation testing was monitored by 
employing a resonant transducer with a nominal center frequency of 250 KHz which was 
coupled via high vacuum grease to the flat gauge section of the samples. Transducer outputs 
were amplified first by 40 dB using a preamplifier with a bandpass filter of 100-400 KHz 
and then by an additional 20 dB at the main amplifier. In addition to AE wave form 
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Figure 2 Theoretical residual stress model of Coker, Ashbaugh and Nicholas 
parameters, stress, strain and rms voltage of the amplified transducer outputs, measured 
using an rms voltmeter, were recorded by a computerized data acquisition system. Further 
details of the acoustic emission data analysis can be found in the literature [7]. 
Ultrasonic imaging was used to study the fiber fragmentation process. A 25 MHz 
focused ultrasonic transducer was used at oblique incidence (between the first and the second 
critical angles) to image the fiber embedded in the matrix. The incident shear wave was 
scanned on the fiber to produce the C-scan images used in this study. 
The tested specimens were sectioned and polished parallel to the fiber axis. 
Metallographic examination of fiber fragments was conducted by u. 
The residual stress model by Coker, et al.,was used to calculate the interfacial residual 
stresses at both the room temperature and elevated temperature to explain the differences in 
the experimentally observed fiber fragmentation behavior. 
RESULTS 
Figure 3 is an ultrasonic image of the fragmented fiber. The fragmentation test was 
conducted at room temperature. The finite difference model of Coker et. al. was used to 
predict the residual stresses and showed a compressive stress of 400 MPa at the interface 
(Figure 4). The photomicrograph of the sample shows a good corroboration to the ultrasonic 
imaging technique. 
Another sample was tested at elevated temperature of 650°C. Again, the finite 
difference model was used to predict the changes in the residual stresses (Figure 5) and 
shows a reduced compressive stress of about 80 MPa. The fiber fragmentation from the 
photomicrograph supports the predictions from the model that there is a reduced shear stress 
transfer at the interface. Ultrasonic imaging of the samples tested at elevated temperature will 
be incorporated in the future tests. 
Many experiments supported by the residual stress model and ultrasonic imaging 
analysis have been planned at different temperatures and in different composite systems. The 
results will be used to estimate the shear stress transfer behavior of the interface. 
A difference in the fiber fragmentation behavior between Ti-6AI-4V and Ti-24Al-IINb 
(Ti-14AI-21Nb by weight) composites with SCS-6 SiC fiber has been observed at room 
temperature. This difference in the fragmentation behavior is shown in Figure 6 a and b. 
Cross-sectional photomicrographs of the composite systems have shown corroborating 
interface structure and are schematically shown in Figure 7 a and b. From Figure 7, it is 
apparent that Ti-6AI-4V shows a greater degree of chemical bonding (and the resulting 
mechanical bonding due to the interface roughness) compared to that of Ti-24Al-I1Nb which 
shows a smooth interface. The fiber fragmentation of these two composite systems (Fig. 6) 
shows a corresponding shorter fragmentation size in Ti-6AI-4V compared to Ti-24AI-11Nb. 
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Figure 3 Ultrasonic image of the fragmented fiber embedded in a titanium based alloy 
matrix. Unbroken part of the fiber was located in the grips of the loading machine. 
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Figure 4 Results of residual stress model of Coker et al. at room temperature. The result 
shows a compressive residual stress of about 400 MFa at the interface. 
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Figure 5 Results of residual stress model of Coker et al. at elevated temperature of 650 
degree centigrade. The result shows a reduced compressive residual stress of about 80 MFa 
at the interface. 
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Figure 6 (a) Ultrasonic image of a fragmented SCS-6 fiber in Ti-6Al-4V matrix 
(b) Ultrasonic image of a fragmented SCS-6 fiber in Ti-24Al-IINb matrix 
CONCLUSIONS 
Elevated temperature experiments supported by finite difference modeling and 
ultrasonic imaging indicate the possibility of shear stress transfer at the interface due to 
several mechanisms including residual stresses and chemical bonding. Further analysis and 
experiments are in progress to study the behavior at different temperatures and different 
composite systems. 
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Figure 7 Schematic of the interface for Ti-6AI-4V and Ti-24AI-IINb as seen on a 
metallograph. 
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